Anesthetized young rabbits were ventilated for 6 hr at 20 cm HzO peak airway pressure using air nebulized with water at 22OC (cold nebulized group, n = 11). at 36OC (warm nebulized group, n = 11) and humidified air at 36OC (warm humidified group. n = 10).
Summary
Anesthetized young rabbits were ventilated for 6 hr at 20 cm HzO peak airway pressure using air nebulized with water at 22OC (cold nebulized group, n = 11). at 36OC (warm nebulized group, n = 11) and humidified air at 36OC (warm humidified group. n = 10).
Their biochemical status during ventilation and pulmonary morphology at autopsy were compared to those of ten control rabbits. Both nebulized groups had particulate water in the inspired air and water of condensation in the endotracheal tube.
The rabbits ventilated with warm humidified air and the control group breathing spontaneously maintained their blood pressure and pHa within physiologic range. Rabbits ventilated with air nebulized with water at 22 and 36°C had a significant decline in mean blood pressure (% mm Hg -61 mm Hg in cold nebulized and 91 mm Hg -. 61 mm Hg in warm nebulized) and mean pHa (7.43 -. 7.23 in cold nebulized and 7.42 -+ 7.31 in warm nebulized).
All rabbits in the control and warm humidified groups survived the study whereas 9 of 22 in the nebulized groups died before completion of study ( P < 0.005).
Morphometric analysis revealed a significant increase in the mean vascular wall thickness in both nebulized groups of rabbits when compared to that in the control and warm humidified groups ( P < 0.05). The cold nebulized group also had significantly less air space and correspondingly more interstitial thickness and intraalveolar edema ( P < 0.05) compared to control and warm humidified groups. ~h e s e findings of bulmonary parenchymal damage in rabbits ventilated with air containine oarticulate water and the -.
greater degree of both physiologic and anatomic change evident in the cold nebulized animals suggest that particulate water and low inspired air temperature may contribute to the genesis of pulmonary damage during intermittent positive pressure ventilation.
Speculation
The phenomenon of reflex pulmonary hypertension following instillation of small quantities of fresh water to the lung (5) might occur even if miniscule amounts of particulate water are delivered during intermittent positive pressure ventilation. Particulate water in inspired air could therefore play a role in the pulmonary parenchymal damage seen in babies treated with intermittent positive pressure ventilation. Failure to maintain temperature of the inspired air at body temperature during intermittent positive pressure ventilation (25) may also have a deleterious effect in the human infant.
The observations made by Northway et al. (29) in humans and deLemos el al. (7) in lambs suggest that use of high concentrations of oxygen during intermittent positive pressure ventilation (IPPV) is responsible for parenchymal changes seen in lungs of humans subjected to IPPV. More recent studies suggest that barotrauma may be a contributing factor (36. 37) . In a previous study. we demonstrated lesions similar to those described by deLemos et al.
I I (7) and Nash el al. (26) in lungs of healthy young anesthetized rabbits subjected to IPPV with air nebulized with water at 36OC and suggested that pressures as low as 20 cm HjO may play a role in the production of these lesions (20) .
The nasal passages, mouth, and pharynx of the intact animal have the capacity to adjust the temperature and humidity of the inspired air and remove air-borne particles from it (32). The need to deliver moist gas when these passages are bypassed by an endotracheal tube or tracheostomy tube has been emphasized repeatedly (3. 8. 10 . 15. 18. 38) . but well-documented studies defining the optimum temperature of air and characteristics of water to be delivered during IPPV are few ( 14. 15. 18) . In this study, we examined the pulmonary effects of variations in water content or state and temperature of the inspired air in rabbits on IPPV.
MATERIALS A N D METHODS
Forty-two New Zealand White rabbits, between 6 and I2 wk of age and weighing 1400 to 3000 g were randomly allotted to four groups. The control group consisted of 10 rabbits who were lightly anesthetized with 20 f 5 mg/kg of intravenous (IV) pentobarhitone sodium and tracheotomized. A 2.5 mm Portex tube was positioned above the carina. Catheters (inside diameter = 0.034 inches) were placed in the right carotid artery and jugular vein. The venous catheter was advanced to lie in the intrathoracic part of the inferior vena cava.
The experimental group consisted of 32 rabbits in whom all procedures were done as in controls except that these rabbits were ventilated with air using a pressure-controlled. flow-regulated ventilator (Bird Mark 7). The peak airway pressure was maintained at 20 cm H,O. the rate was maintained at 26 to 28/min. inspiratory:expiratory time ratio was maintained at I:2. and end expiratory pressure was maintained at 1'~. cm H?O.
The air delivered to the proximal airways in the ventilated animals was moistened and heated in three different ways. In I I rabbits. subsequently referred to as the "cold nebulized group," the air was circuited through an Ohio Deluxe nebulizer at room temperature (22OC measured close to the proximal airway). In I I other rabbits, water was heated in the nebulizer. and air was circuited through it to provide a proximal airway temperature of 35-36°C. These animals are subsequently referred to as the "warm nebulized group." In both cold and warm nebulized groups. particulate water was present in the air delivered. Ten other rabbits were ventilated with air circuited through the nebulizer at room temperature and subsequently heated to 36°C at a point close to the proximal airway. This group of rabbits is subsequently referred to as the "warm humidified group." On the basis of previously described performance characteristics of these nebulirers (21) , it was anticipated that air passed through a nebulizer at room temperature would be 75%' saturated with water at 37°C and supersaturated (120%) at 37°C when a heated nebulizer was used.
Central venous pressure (CVP) and carotid artery pressure were measured by means of a Statham P23 ID strain gauge pressure transducer and recorded (Gould Brush 2400) using the midthorax as the reference point. Airway pressure, obtained with reference to the esophageal pressure using a differential pressure transducer (Statham 13 ITC with equal volume adapter), was considered to be the transpulmonary pressure. Tidal volume was obtained by integrating flow through a Fleisch pneumotach '00' pneumotachograph. Dynamic lung compliance was calculated using the standard formula and expressed as a percentage of the initial value. Pressure deflections were calibrated with a water manometer, whereas volume deflections were calibrated by injecting known volumes of air at specific flow rates through the pneumotachograph. Response was linear in the range studied ( I to 6 liters/ min). The recorder was calibrated before each experiment, and the reference line was checked periodically during the course of the experiment; there was no drift. The rabbits were maintained under light anesthesia for 6 hr by intermittent administration of 5 to 10 mg of pentobarbitone sodium. Deep body temperature was maintained between 37 and 39°C using a Westinghouse reflector infrared heater. They were lightly restrained during the study period. but the position was changed every hr.
Rabbits that survived the 6-hr study were sacrificed with IV pentobarbitone sodium (uthol). An additional six rabbits. randomly selected during the 8-month study. were sacrificed on receipt. Partial autopsy was performed in all. and the thoracic cavity was examined for evidence of air leak and hemorrhage. The lungs were removed intact and fixed at residual volume in 10% formaldehyde in 0.9%) sodium chloride. A wk later. 4 to 5 pm sections were obtained from the left lower lobe and stained with hematoxylin and eosin.
The Leitz Texture Analysis System (TAS). a microscope-based image analysis system. was programmed to measure the area occupied by airspace. edema fluid. and interstitium using the concept of gray value resolution (34). Four hundred adjacent high-power fields (240 x 240 pm) were analyzed in each section.
Small pulmonary arteries with an external diameter between 30 and 200 pm were also examined, and the vascular wall thickness was measured. A total of 571 pulmonary arteries, evenly distributed between the four groups, were studied. The circular mask of the TAS was adjusted to occupy the arterial lumen, the rim of the circle extending to the muscle layer ( Fig. I. circle A) . With the center fixed, the mask was enlarged to include the narrowest section of the vascular wall (Fig. I, circle B) . The serosa was not included in the measurement. The TAS was programmed to calculate the diameter of the two circles. The vascular wall thickness was obtained using the formula, wall thickness
where D is the diameter of the larger circle. and d is the diameter of the smaller circle and was expressed as a percentage of the outer diameter (D).
Grouped data were compared using Student's r test. Responses of rabbits to the experimental procedure were studied using a paired r test; differences in outcome were analyzed using the i' test with Yates correction. Differences were considered to be significant at a P value of less than 0.05.
RESULTS
Age, weight, and sex distribution were similar in the four groups of rabbits. Baseline data obtained after anesthesia and surgery are shown in Table I . Mean blood pressure, hematocrit, arterial carbon dioxide tension, arterial pH (pHa), and calculated bicarbonate were similar in the four groups. Mean CVP and arterial oxygen tension were also similar (Table I) .
STATUS DURING STUDY (TABLE I )
A drop in mean carotid artery pressure was noted in all groups. Mean hematocrit decreased in all groups, except the cold nebulized group. A significant decrease in calculated bicarbonate in all groups was greatest in cold nebulized group. However, mean pHa VASCULAR WALL THICKNESS USING LElTZ TEXTURE ANALYSIS METHOD due to a decrease in arterial carbon dioxide tension. M~G p~a declined significantly in the cold nebulized group and modestly in the warm nebulized group. Mean CVP and arterial oxygen tension remained stable in all groups. The dynamic lung compliance decreased in the controls (mean decrease, 49%)) but remained stable in the ventilated rabbits (mean increase, 3%; not shown in Table I ).
OUTC'OME (TABLE I )
All rabbits in the control and warm humidified groups survived the study. Six of I I rabbits ventilated with air circuited through a nebulizer at 22°C and three of I I ventilated with air circuited through a heated nebulizer died before completion of study.
PULMONARY MORPHOLOGY
Lung sections from one of I0 controls showed interstitial widening and modest infiltration with mononuclear and polymorphonuclear cells. In contrast, nine of I I rabbits in the cold nebulized group had interstitial widening and infiltration (i' = 5.2: P = < 0.025), and six of 11 rabbits in the warm nebulized group developed interstitial widening and infiltration (P-ns); three of these had intraalveolar edema. Three of 10 rabbits ventilated with warm humidified air developed interstitial edema (P-ns): only one had intraalveolar edema. Grading of pathologic lesions was not attempted because of the inherent inaccuracies of this subjective analysis and the wide variation in the degree of damage, even within groups.
One of six rabbits sacrificed soon after receipt had histologic evidence of an inflammatory reaction in the lung. There was no evidence of infection in the other five rabbits: hence. it was assumed that the majority of rabbits were free of infection.
The percentage of area occupied by alveolar space. interstitium, and edema fluid in lung sections obtained from all rabbits in the four groups is shown in Table I . Photomicrographs of representative sections of lungs are shown in Figure 2 . The cold nebulized group had a significant reduction in mean air space and an increase in mean interstitial space and mean edema fluid when compared to controls. The warm nebulized group had no significant morphometric changes, but the warm humidified group actually fared better than the controls in terms of a significant increase in mean air space and decrease in interstitial thickness. The mean pulmonary arterial wall thickness was significantly greater in both cold and warm nebulized groups than in controls ( Table I) . Mean pulmonary vascular wall thickness of rabbits ventilated with warm humidified air was similar to that of the controls. DISCUSSION Pulmonary damage that follows IPPV has been attributed to oxygen ( I. 7. 19.26.27.35) . barotrauma ( 19.20.36.37) , pulmonary edema (4). and infection or the presence of the endotracheal tube (6). Additional factors. like inspired air temperature and particulate water content. may also play a role in the production of this pulmonary parenchymal damage. Otter et al. (30) produced massive pulmonary edema of the left lung in mongrel dogs by instilling large quantities of fresh water into that lung while maintaining normal oxygenation by ventilating the right lung. Acute pulmonary edema due to near drowning has been reported to be aggravated by IPPV (16). Although these two situations are not comparable to that situation where nebulized water is delivered during IPPV. tracheal instillation of small quantities of fresh water in lightly anesthetized. supine sheep has been shown to produce Table I .
CONTROLS -

IPPV-~OILP NEBULIZED' AIR
reflex pulmonary hypertension (5). This was prevented by premedication with atropine sulphate. but vagotomy had no effect, suggesting that the hypertension was the result of a local reflex. In the present study, medial thickness of the small muscular pulmonary arteries was increased in both groups of rabbits ventilated with air nebulized with water when compared to that of the arteries from control and warm humidified groups, in both of which inspired air was free of particulate water. Whether this occurs in the human lung subjected to similar insult is conjectural.
It is pertinent to note that mean medial thickness of pulmonary arteries in the control rabbits in this study of 11.8% was higher than the 7% reported for human lung by Wagenvoort and Wagenvoort (39) . This could be due to species difference or to a difference in the preparation of the lung for morphometry. The pulmonary arteries of the lungs studied by us were not perfused in the manner of Wagenvoort and Wagenvoort because our preliminary work showed that this resulted in significant but unpredictable widening of the vascular lumen.
Although methods are available to increase water content of inspired air to saturation point (3, 14. 15. 18. 21) . there is little information about the optimum humidity required during IPPV (10. 38). Using scanning electron microscopy. Tsuda er al. (38) demonstrated marked injury to the cilia and degeneration of mucus droplets in trachea and primary bronchi of dogs when dry gas was used. Inhalation of air with relative humidity of 100% at 35°C for over 3 hr resulted in injury to the cilia in the tertiary bronchi, whereas inhalation of air with a relative humidity of I m at 30°C did not have a deleterious effect. The differing responses in the groups were attributed to the water content of the inspired air.
In this study, we noted significant hypotension and modest acidemia in all groups of rabbits. This might have been due to pentobarbitone anesthesia which has been shown to reduce cardiac output and blood pressure in healthy young rabbits (E. John, personal observation), as well as in dogs (13). However, the two groups of rabbits ventilated with air containing droplets of water were compromised to a greater extent than the group ventilated with humid air free of water droplets and the controls. Nine of 22 rabbits in the nebulized groups died before completion of the study, whereas none of the rabbits in the other two groups succumbed (P < 0.005). They were also more acidemic and hypotensive towards the end of the study period (Table I) . Pulmonary morphometry revealed significantly greater pulmonary arterial wall thickness, decreased alveolar space, and increased interstitial and intraalveolar edema in the nebulized groups of rabbits when compared to controls and those ventilated with humidified air. These data suggest that delivery of droplets of water to the lung may be the common factor responsible for the metabolic and pulmonary compromise in the rabbits in whom air nebulized with water was used for IPPV. The sequence of events is unclear, and further work is needed to determine whether the pulmonary vasoconstriction preceeded or succeeded the systemic hypotension and acidemia. The temperature of the inspired air during lPPV has been randomly selected by most groups; no attempt has been made to study the effect on the lung of varying temperature in the presence of specified water content. Nagao et al. (25) . studying excised rabbit lung that was mechanically ventilated. noted linear increase in lung recoil with decreasing temperatures below 22OC; there were no significant changes with temperatures between 22 and 37°C. We looked at the effect on the rabbit lung of moist air delivered at 22 and 36°C only in the nebulized groups. The pulmonary parenchymal changes obtained using TAS were not significantly different from each other. However. the trend was interesting. The cold nebulized group had more interstitial and intraalveolar edema and correspondingly less air space compared to warm nebulized group (Table I ) suggesting that the lower temperature (22°C) may have contributed to the genesis of pulmonary damage.
Data obtained from this study suggest that, under conditions of this experiment, lung damage after IPPV is least when inspired air is humidified and warmed to 35 to 36OC and when formation and delivery of water droplets to the respiratory airways is avoided. Parenchymal damage to the human lung may well be reduced by taking precautions to maintain inspired air temperature close to body temperature and to prevent particulate water from entering the lungs.
